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Lots of Questions for the LHC

Even if we find the Higgs, even if we find SUSY 
- and especially if we don’t - 

questions remain
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Why are there multiple copies of the same particles?

Where do the values of the masses come from?

What about gravity? Dark matter? 

Are there more quarks, leptons or gauge bosons?
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Where are we now?
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Rows and columns, masses of 
the periodic table provide 

clues to underlying physics

We have yet to understand 
the structure and values in 

our own periodic table
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In today’s talk
Z’ Resonance search

• Identifying high pT electrons and muons

• Searching for the Z’ in e-e and mu-mu

• Other models that could produce 
resonances 

• Z’ to taus, top quarks?

W’ search

• Latest results for e+MET, mu+MET
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All results: https://twiki.cern.ch/twiki/bin/view/AtlasPublic

https://twiki.cern.ch/twiki/bin/view/AtlasPublic
https://twiki.cern.ch/twiki/bin/view/AtlasPublic
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LHCb

ATLAS

ALICECMS 27 km circumference
4 major experiments

100 m underground 

at CERN outside of Geneva, Switzerland
design: proton-proton collisions: center-of-mass energy of 14 TeV

    lower energy to start - 7 TeV for 2010, 2011, 2012?

CERN

The Large Hadron Collider
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LHC results
Very first results in 2010: ~300 /nb, 3 /pb

2010 data set: ~40/pb

First 2011 results:
 ~100-300/pb

Results published now:
1-2/fb

Full 2011 dataset:
5/fb?

2011-2012: 10/fb? More? 7 or 8 TeV beams?
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The ATLAS Experiment

7

7000 tons
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The ATLAS Experiment
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7000 tons
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The ATLAS Experiment

7

7000 tons

azimuthal 
angle
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The ATLAS Experiment
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7000 tons
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Identifying final state particles
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Muon 
Detectors

Calorimeters

Trackers
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Looking at vs. Looking for

9

Anything out 
here? 

Start with 
dilepton 
searches
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Electrons and Muons
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Electrons and Muons
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Electrons and Muons
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Standard Model Leptons

ATLAS results so far covered 
a lot of territory with electrons and muons
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Electron Identification
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∆ϕ = 0.0245

∆η = 0.02537.5mm/8 = 4.69 mm∆η = 0.0031

∆ϕ=0.0245x436.8mmx4=147.3mm

Trigger Tower

TriggerTower∆ϕ = 0.0982

∆η = 0.1
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Square cells in 
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Middle 
layer

Front layer

Electron: Track + Cluster

Shower shape variables 
provide discrimination

For example, in the 
middle layer:

In the front layer:
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SM Z analysis

13

Use Z peak to 
understand 
electrons with pT 
of ~50 GeV

“Tag & Probe”

Extrapolate to 
500 GeV with 
studies in data 
and MC [GeV]eem
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MC Electron Efficiency
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pT = 100 GeV pT = 1 TeV

Ef
fic

ie
nc

y

90%

Bin electron efficiency in pT and eta



K. Copic 15

(noise subtracted)

Measure energy better 
than 1% at high energies

Energy Resolution for EM
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Highest invariant mass

257 GeV and 207GeV electrons
Invariant mass of the pair: 993 GeV
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Muon systems
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High pT Muons
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Tighter cuts for searches

19

All single muon 
events that pass our 
three-station 
selection

Backgrounds from MC

For high-pT searches, 
use 3-station muons
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High pT Muons

510 GeV and 437 GeV muons
Invariant mass of the pair: 959 GeV

20
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Run Number: 166198

Event Number: 17169487

Date: 2010-10-04, 20:20:19 CET

Cells:Tiles, EMC

Z’ Event Selection

21

Two electrons
pT > 25 GeV
|eta| < 2.47

Two muons
pT > 25 GeV
|eta| < 2.4
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Run Number: 166198

Event Number: 17169487

Date: 2010-10-04, 20:20:19 CET

Cells:Tiles, EMC

Z’ Event Selection

21

Two electrons
pT > 25 GeV
|eta| < 2.47

Two muons
pT > 25 GeV
|eta| < 2.4

opposite charge
track isolation
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Run Number: 166198

Event Number: 17169487

Date: 2010-10-04, 20:20:19 CET

Cells:Tiles, EMC

Z’ Event Selection
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Two electrons
pT > 25 GeV
|eta| < 2.47

Two muons
pT > 25 GeV
|eta| < 2.4

opposite charge
track isolation
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Run Number: 166198

Event Number: 17169487

Date: 2010-10-04, 20:20:19 CET

Cells:Tiles, EMC

Z’ Event Selection
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Two electrons
pT > 25 GeV
|eta| < 2.47

Two muons
pT > 25 GeV
|eta| < 2.4
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track isolation
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Why not opposite charge e?
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Electron backgrounds
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Estimate QCD 
background from 
data & extrapolate

Use three different 
methods with 
different samples:

• Inverted ID
• Matrix
• Isolation Fit Leading Electron Isolation [GeV]
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Muon backgrounds
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QCD background: estimate from data & MC
Cosmics: estimate from data, negligible
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The Results

Normalize to Z Peak
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Electron Channel Muon Channel
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Z’ MC & cross-sections

26
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Systematics for Z’

Only mass-dependent systematics matter
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Limits on Models

28

Use binned likelihood fit to set limits on SSM Z’
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Combine Results
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Z’ Models
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•Other models: Technicolor? Doubly-charged higgs? Etc? 

•Use angular information to discriminate
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Contact Interactions

31

Limits on the scale of 
new physics:
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Contact Interactions
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Missing Transverse Energy

33

Neutrinos

Lightest Stable 
Particles in new 
models?

Dark Matter?

Anything that 
could escape 
detection
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W’ Electron Channel
Choose events with one isolated electron 
with pT > 25 GeV, MET > 25 GeV

34

Largest 
backgrounds: 

W, ttbar, 
diboson 

events, and 
QCD
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W’ Muon Channel
For this first data, make very strong quality cuts 
on the muons to ensure a well-measured pT

35

Require 3 muon stations, |η| < 1.05
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Missing Transverse Energy

Tails of the MET distribution are also well-behaved

No hints of physics beyond the Standard Model here
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Looking for Signal

Look in the tails of the Transverse Mass distribution

Observing no signal, set limits combining the two 
channels: W’ > 2.15 TeV at 95% confidence level

Electron channel: 2.08 TeV         Muon channel: 1.98 TeV
37
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Additional Resonances

38

Looking towards the 
future:

First Z to tau tau 
results are out - no Z’ 
to tau tau yet

SM Diboson results 
out, searches with 
diboson resonances 
out in 2011-12

Diphoton resonance 
search sensitive to G
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TTbar resonance

39

TTbar search using 1/fb 
completed

First boosted tops being 
identified!
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LHC Era for Exotics

With a 2010 data, get close 
and in some cases surpass Tevatron limits

40

NEW: CI: ATLAS 4.5 TeV*
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Exploring the TeV Scale!
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ATLAS Exotics Searches* - 95% CL Lower Limits (Status: BSM-LHC 2011)



K. Copic 42

Backup Slides
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Placing Limits
Use the Bayesian Analysis Toolkit 

• For each of k bins, there are j signal and 
background templates (T)

• Treat systematics as nuisance 
parameters (θ) with Gaussian priors (G)

43
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Z’: Eta distributions
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Search for e-mu

45
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Photons at ATLAS

46

No track + EM 
calorimeter 
deposit

Also look for 
photons which 
have converted 
into e+e- pairs 
using the 
trackers
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Identifying photons

Longitudinal segmentation of the ATLAS EM 
calorimeter can provide good discrimination 
between photons and π0

47

32 GeV photon 21 GeV π0
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Diphoton Event

48

679 GeV Invariant Mass
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Diphoton Search

Search for 
resonances in 
the diphoton 
spectrum

2 photons  
ET > 25 GeV
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Carving out space
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Jets!

Dijet event: jets with pT of 1.2 and 1.3 TeV 
51
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Understanding jets
Beyond inclusive jet 
cross sections, we 
can investigate event 
topology to check 
agreement with the 
Standard Model
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Search in the dijet 
spectrum: 
updated to 1/fb

Blue lines indicate 
greatest discrepancy

Leads to a limit on 
q* ~ 3 TeV

Searching for Resonances

53
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Contact Interactions
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Defining Fside
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Fside = the fraction of 
energy outside three 
central strips but within 
seven strips
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“Inverted ID”

2 electrons pass loose, 
fail medium ID cuts

56
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Matrix Method
Estimate number of events with 

one or two “fake” electrons

57
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Z’ Sensitivity Study for 7 TeV

58

ATLAS CONF note 
available with W’ 
and Z’ prospects
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Mass-dependent k-factors
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W’ Isolation

Calorimeter Isolation: 
Electron channel
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W’ backgrounds

Multiple data-driven methods used for QCD
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Limits for W’
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Limits for W’
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W* and Z* Models

 

63



Dijets
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Dijet Models & MC
Resonance search cuts:

65

Angular analysis cuts:
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Going beyond resonances

Use angular 
information: 
Define Χ and 
separate into mjj 
bins

66
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Dijet resonance limits
Place limits on several 
models:

Excited quark, q*: 
2.15 TeV 

Axigluon (chiral color): 
2.10 TeV

Randall-Meade 
Quantum Black Holes: 
3.67 TeV
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Looking for Substructure
Gain more 
information from the 
ratio:
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Quantum Black Holes
Used BlackMax to 
simulate a simple 
two-body decay 
for a given 
fundamental 
quantum gravity 
scale, MD.

n = number of 
extra space time 
dimensions
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Exotics with Photons
Select events with two 
isolated photons with 
ET > 25 GeV

One model that could 
produce diphotons + 
MET: Universal Extra 
Dimensions

71

x 2
+ other SM particles from 

cascade decays
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Data-driven backgrounds

\

72

Zero events observed 
in the MET > 75 GeV 

signal region
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Best limit on UED
Exclude 

1/R < 729 GeV at 
95 % CL

Far surpassing 
Tevatron limits of 
1/R < 477 GeV

R= compactification 
radius of the Universal 
Extra Dimension

73

Submitted to PRL: arXiv:1012.4272

http://http://arxiv.org/abs/1012.4272
http://http://arxiv.org/abs/1012.4272
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Resolution Requirements
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Good high-pT measurements

To ensure a good quality ID track, require:
Pixel hits ≥ 1, SCT hits ≥ 4, Pixel+SCT hits ≥ 6

Do something similar for the 
muon system:
Phi hits ≥ 1

This is important as the bending
power varies in phi as well as eta.
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ATLAS Tracking
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ATLAS Calorimeters
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Liquid Argon Subsystems
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Liquid Argon Subsystems

79

Liquid Argon Barrel

Liquid Argon EndCap
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Liquid Argon Subsystems
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Liquid Argon Subsystems

79

LAr and Copper

Electromagnetic:
 LAr and Lead
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Liquid Argon Subsystems
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LAr and Copper

Electromagnetic:
 LAr and Lead

Hadronic:
 LAr and Copper
 LAr and Tungsten
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Liquid Argon Subsystems

79

LAr and Copper

Electromagnetic:
 LAr and Lead

Hadronic:
 LAr and Copper
 LAr and Tungsten

~ 200,000 
channels
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Liquid Argon Subsystems
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LAr and Copper

Electromagnetic:
 LAr and Lead

Hadronic:
 LAr and Copper
 LAr and Tungsten

azimuthal 
angle

~ 200,000 
channels
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Liquid Argon Subsystems

79

LAr and Copper

Electromagnetic:
 LAr and Lead

Hadronic:
 LAr and Copper
 LAr and Tungsten

azimuthal 
angle

~ 200,000 
channels
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How is the signal collected?

80

helps ensure 
uniformity.

Particles ionize the 
Argon, signal is read 
out using electrodes

Precision required 
controlling lead 
thickness to ~10 

microns
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Segmentation of LAr Barrel

81

∆ϕ = 0.0245

∆η = 0.02537.5mm/8 = 4.69 mm∆η = 0.0031

∆ϕ=0.0245x436.8mmx4=147.3mm

Trigger Tower

TriggerTower∆ϕ = 0.0982

∆η = 0.1

16X0

4.3X0

2X0

15
00

 m
m

47
0 m

m

η

ϕ

η = 0

Strip cells in Layer 1

Square cells in 
Layer 2

1.7X0

Cells in Layer 3
∆ϕ×∆η = 0.0245×0.05Back layer

Middle 
layer

Front layer

Accordion shaped 
Lead absorbers



K. Copic

Signal shape

82

40 MHz
samplingDetector pulseShaped, amplified signal

Use 5 samples si

with pedestal values p

ai, bi are optimal 
filtering coefficients 
to improve precision
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Material before/in EM

83
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Material before/in EM

83
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Material before/in EM

83

Standard electron/
photon cuts remove 

this area from 
consideration.
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Linearity

84

Nuclear Instruments and Methods in Physics Research A 568 (2006) 601–623

Better than 1 per mill linearity across EM Barrel
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Uniformity

85

Better than 1% uniformity across EM Barrel and Endcap

245 GeV 120 GeV

Nuclear Instruments and Methods in Physics Research A 582 (2007) 429–455 
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LAr Readout Chain
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FEB schematic
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Front End Board
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How much energy is deposited?
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Sampling vs. Non-sampling
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ATLAS vs CMS -- ECAL

91

ATLAS EM Calorimeter CMS EM Calorimeter

Lead/LAr sampling PbWO4 

Moliere radius 10 cm Moliere radius 2.2 cm

Outside solenoid: 
more material in front

Inside solenoid: 
less material in front

Longitudinal segmentation No long. segementation

Challenges: slow response time, 
lead must be precisely machined

Challenges: temperature and 
radiation sensitivity
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CMS Resolution
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D0 calorimeter
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